Objectives-To assess pesticide exposure and understand the resultant health effects relative to non-agriculture workers in Northern Thailand.
Introduction
Agriculture is a major contributor to Thailand's economy 1, 2 . Among surveyed farmers residing in Northern Thailand, most (97%) reported using pesticides on their crops [3] [4] [5] [6] . Over 93% of agriculture workers in Thailand work through the informal sector, and are not defined as employees under the Labor Protection Act; thus, these workers are exempt from numerous safety laws surrounding labor and social security rights 7, 8 . Thailand ranked third out of 15 Asian countries for pesticide use per unit area and fourth in annual pesticide use 2 . Although there have been increases in organic food consumption in Thai markets, there is no evident reduction in pesticide use 2, 7 . In fact, pesticide use in Thailand has increased from 110,000 tons in 2007 to roughly 172,000 tons in 2013 2 . For the pesticides being imported into Thailand, a third are considered extremely, highly, or moderately hazardous based on the World Health Organization's (WHO) hazard categories 2, 9 . Insecticides are most often associated with negative human health effects 10 . Overall, research is lacking on low and middle income countries (LMIC) pesticide exposure and related health outcomes 11 .
Pesticide pollution in the environment is associated with poisonings, oxidative stress, neurological dysfunction, birth defects, reproductive disorders, and cancers including colorectal cancer, prostate, and non-Hodgkin lymphoma 8, [12] [13] [14] . Although Thailand does not have a poisonings registry, a poison center located in Bangkok recorded more than 15,000 patients over a three-year period, 42% of whom had poisonings related to pesticide exposure 8 . The pesticides most associated with these poisonings were insecticides: Carbamates, organophosphates, and pyrethroids 8 .
This study was motivated by a group of contract farmers residing in Wiang Pa Pao, Chiang Rai Province. These farmers reported concerns about their health related to spraying pesticides to Chiang Rai Prachanukroh hospital employees. Our project was launched in response to this concern. The purpose of this project was to assess the pesticide exposure of these farmworkers in Northern Thailand, and to understand the resultant health effects when compared to workers residing in a non-agricultural area (Chiang Rai, Thailand). This project adopted a mixed-methods approach during assessment of pesticide exposure and the resulting health effects, including: 1) personal air sampling, 2) biomarker sampling, and 3) perceived exposure and health effects assessed by questionnaire.
Material and Method

Study Population
The study protocol was approved by the Institutional Review Boards of Mae Fah Luang University and the University of Michigan (UM Submission ID: HUM00128091/CR00068767).
All study participants were 21 years and older, male, and resided in Thailand. Participants were recruited in Chiang Rai, Thailand, using a recruitment script in Thai administered by health volunteers-laypersons trained through the Chiang Rai Prachanukroh hospital on patient care and interactions. Comparison workers were recruited through word of mouth at Mae Fah Luang University (MFU), with a focus on older males in work fields unrelated to agriculture with no commercial pesticide spraying experience.
Sample Collection
Participants completed the consent form by oral confirmation due to literacy differences.
Conventional farmworkers consented to allow work observation, active air sampling, and preand post-spray urine and blood samples to be taken. Each study participant also completed a researcher-administered survey. Participants received 600 Thai baht for participation and completion of the study.
We quantified exposure and potential adverse health effects among workers by selfreport, biological, and environmental sampling. A 69-item occupational health questionnaire was translated into Thai from English by MFU researchers. The questionnaire was based on a previous study of worker health and occupational noise 16 . The survey was administered to study participants at the local community center and took roughly 35 to 45 minutes to complete.
Questionnaire data were collected from July 2017 to the end of August 2017 (conventional farmworkers and comparison workers) and again in January 2018 (sample of comparison workers from Chiang Rai).
Nurses collected 10 mL of urine and 10 mL of blood from workers at the local hospital (Chiang Rai or Wiang Pa Pao). For farmworkers, blood and urine samples were collected within one week prior to pesticide spraying and again within 3 days after pesticide spraying. Whole blood samples were collected in red-top tubes with no anticoagulant, lavender-top tubes with EDTA, and green-top tubes with heparin.
Blood and Urine Analysis
Urine creatinine, urinary calcium, serum creatinine, serum calcium, and complete blood counts were quantified by Meng Rai Laboratory in Chiang Rai. Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) were analyzed using the Ellman method, from whole blood and serum, respectively 18 . AChE was analyzed since it is directly related to AChE inhibition by the pesticides, and BuChE since it can be a sensitive biomarker of exposure to AChE inhibitors 17 . Concentrations of the health biomarkers were compared between conventional farmworkers and comparison study participants, as well as within farmworkers before and after spraying.
Air Sample Collection and Analysis
Personal pesticide air exposure levels were measured in conventional farmworkers only.
GilAir Plus Personal Air Sampling Pumps by Sensidyne, Inc. were calibrated each day with the Gilibrator Calibrator before heading to the field. Air samples were collected during the time farmers were spraying pesticides (14 to 63 minutes) using XAD-2 sorbent tubes (SKC Ltd) based on the standard NIOSH method 5600 at a flowrate of one liter per minute 19 . One field blank was collected by opening tubes away from the farms for a similar period of time; no air was drawn through the blanks, but they were otherwise handled identically to actual air samples.
The analysis of pesticide residues was completed by the Lumigen Instrument Center at Wayne State University. Laboratory controls from a spiked and blank filter were extracted each batch. A calibration check at 10 ng/mL and a solvent blank were run every 10 samples. If a check did not pass within 20% error, the entire 10 sample section was re-run. Calibration curves were prepared the same day as every batch as concentration vs area ratio of analytes to deuterated surrogates. A linear regression was taken, and percent error calculated at each calibration point. If a point did not fall within 20% error of the predicted value, it was dropped from the end of the curve. Work observations were not completed for comparison workers since they do not perform commercial pesticide spraying.
Statistical Analyses
For questionnaire data, we calculated summary statistics of demographic data across the entire population. We first tested for crude differences across the measures between the
conventional farmers and the comparison workers by t-test for continuous variables or by
Fisher's Exact test for categorical variables. Analysis of variance (ANOVA) and multivariate regression analyses were used to compare serum and urinary biomarker concentrations between farmworkers and comparison workers, adjusting for the potential confounders age, smoking status, alcohol consumption, and BMI. We also conducted multivariate linear regression analyses of the association between pesticide levels quantified in the personal air samples and serum and urinary biomarkers in the farmworkers collected after spraying, adjusting for the same covariates as described above. Any variables that were not normally distributed were log transformed prior to regression. SAS 9.4 was used to complete regressions and demographic tables, and R 3.5.1 was used to create figures and graphics.
Results
Overall, farmworkers and comparison workers had similar demographics (Table 1) , except for BMI, which was significantly lower for farmworkers. Farmworkers had a median age of 50 years with a range of 22 to 76 years of age, and comparison workers had a median age of 49 with a range of 39 to 68 years. Most of the workers were married, attended primary and secondary school, drank alcohol 1-3 days per week, and were current smokers ( Table 1) . With respect to self-reported health concerns, farmworker and comparison worker self-reported symptom responses only statistically significantly differed for 'dizziness' and 'shaking or trembling of hands' (Supplemental Table 1 ).
None of the farmworkers wore chemical proof aprons, chemical proof gloves, or a respirator. The farmworkers did wear an item that we named 'face hats' which included both home-made and commercial versions. The home-made version was usually two towels or scarves (e.g. durags) stitched together to cover the head and face, and the commercial version was a canvas brimmed hat with a canvas face covering that could be removed. The use of gloves, long sleeve clothing, and any sort of clothes covering (e.g. rain poncho or plastic sheet) were usually used items with some damage and use was not consistent across workers.
Supplemental Table 2 presents worker self-reported stress levels by worker category based on the Cohen's Perceived Stress Scale. Overall, comparison workers more frequently reported stress in comparison to farmworkers, although not statistically significantly so.
However, when it came to reporting confidence in ability to handle personal problems, only 43% of farmworkers reported feeling confident often in comparison to 78% of comparison workers (p-value = 0.028).
A comparison of cholinesterase activity between the two groups indicated that although there were some farmworkers with higher AChE activity, the medians of farmworkers and comparison workers were not significantly different. AChE and BuChE concentrations were not found to be correlated (0.05, 95% CI: -0.199, 0.294). Comparison workers had higher BuChE activity levels in comparison to farmworkers ( Figure 1 ). Based on the ANOVA with cholinesterase measurement at baseline as the outcome and worker category as the predictor, Measurements of pesticide residues on air samples are displayed in Figure 2 . Overall, ethyl chlorpyrifos and metalaxyl were detected at the highest frequency, while methomyl was less frequently detected. Most chlorantraniliprole (N=60) and methyl-chlorpyrifos (N=61) measurements were below the limit of detection. Ethyl chlorpyrifos followed by metalaxyl and methomyl, was found in the highest concentrations in the air filter samples. Table 2 presents linear regression parameter estimates and confidence intervals comparing biomarker concentrations between farmworkers and comparison workers. Eosinophil (p=0.02), urine creatinine (p=0.03), and MCV (p=0.04) concentrations were statistically significantly higher in farmworkers than the comparison group. Monocytes (p=0.01), red blood cell counts (p=0.01), white blood cell count (p=0.04), and serum calcium (p=0.02) were statistically significantly lower in farmworkers than comparison workers. Table 3 Based on the regression analyses of only exposed farmworkers, serum calcium and urine creatinine were statistically significant among farmworkers exposed to metalaxyl. AChE ratio was also statistically lower for methomyl in the regression model controlling for age, BMI, current smoking status and former smoking status among farmworkers.
The most commonly used insecticides in Thailand are AChE inhibitors such as organophosphates and carbamates like chlorpyrifos and methomyl 2 . In this study, 59 farmworkers self-reported using chlorpyrifos during pesticide spraying, 17 reported using metalaxyl, and 1 reported using methomyl. The analytic method utilized in this study quantified ethyl-chlorpyrifos, methyl-chlorpyrifos, metalaxyl, methomyl, and chlorantraniliprole. However, only ethyl chlorpyrifos, methomyl, and metalaxyl were detected on workplace air samples.
Methomyl is a carbamate and insecticide and metalaxyl is a benzene compound used as a fungicide 20, 21 .
We observed workers during day 8 of edamame growing because they reported using chlorpyrifos during that time. This sampling timepoint likely resulted in our air samples not containing chemicals that are used at other times in the edamame growth cycle, based on farmworker self-reported chemical use and the spray schedule. Also, exposure to carbamates or OPPs can alter AChE levels from baseline [22] [23] [24] . Considering the cross-sectional nature of this study and the frequency of pesticide spraying among our cohort, we cannot determine whether the cholinesterase biomarker results were due directly to the insecticides monitored or from another pesticide sprayed during another agriculture job or spraying another plant on the same farm.
On average, the farmworkers in our cohort worked 50.95 hour work weeks. The Labor Protection Act limit jobs that are deemed hazardous to human health a maximum of 42-hour work weeks. However, since 93% of all farmworkers in Thailand are informal sector workers they are not working under the Labor Protection Act of 1998 7, 8 . Our cohort pilot study clearly demonstrates there are informal sector farmworkers working above the legal limit for hazardous jobs. For migrant farmworkers, this means they are likely working unhealthy hours and also lack access to the Thai healthcare system 25 .
In a study by Sapbamrer and Nata (2017), rice farmers and non-farmer controls residing in Northern Thailand were interviewed and had blood samples taken to ascertain their overall pesticide exposure 27 . When looking at self-reported health outcomes in our study, farmworkers did not have differences in respiratory symptoms relative to comparison workers. Farmworkers reported trembling in their hands less often in comparison to other workers, whereas with exposure to AChE inhibitors, we would expect farmworkers would report trembling more often. to 2011) 17 . In this same study, cholinesterase depression was defined as 20% or greater decrease from baseline to post-exposure cholinesterase exposure 17 . The authors found AChE and BuChE activity to be negatively correlated (-0.14, 95% CI: -0.27, -0.01) 17 . Our study also found the correlation between AChE and BuChE to be weak, but the correlation was non-significantly positive (0.05, 95% CI: -0.199, 0.294). The ratio of pre-and post-spray AChE activity was also significant lower with increasing concentrations of methomyl in air samples. Others have reported BuChE activity as a more sensitive biomarker of exposure to cholinesterase inhibitors than AChE 17, 28, 29 . In our study, BuChE activity was significantly lower in conventional farmworkers relative to comparison workers.
Garcia-Garcia et al. 2015 completed a similar study comparing 169 green house workers who were exposed to pesticides and controls who were unexposed to pesticides in southeastern Spain 30 . Among this cohort, researchers controlled for sex, age, and BMI , but not smoking status. They found BuChE inhibition, RBC, MCV, and neutrophil levels significantly increased, whereas eosinophils significantly decreased and monocytes were not different 30 . Our study assessed hematological parameters by measuring differences in complete blood counts between farmworkers and comparison workers, while controlling for BMI, age, former smoker status, current smoker status, worker category, and pesticide exposure levels. Serum calcium was statistically significant by both worker category and was also significantly different in farmworker. MCV, monocytes, RBC, eosinophils, urine creatinine and WBC were significantly different between our Northern Thailand farmworkers and comparison worker. In our study, Finally, a cohort study on farmworkers in China before and after pesticide spraying points to the effects of pesticides on complete blood count (CBC) having an effect that can be categorized as long term (3 years) or short term (10 days or less). Long term results include decreased white blood cell count, and short term results such as alterations in complete blood count, hepatic and renal functions, nerve conduction velocities, and on monocytes, hemoglobin and platelet counts 31 . When comparing air sample measurements of methomyl, chlorpyrifos and metalaxyl, we did not identify differences in blood count analytes by chemical exposure, although we identified a range of differences when comparing farmworkers and comparison workers. Prior research has reported significant changes to hematological biochemistry as a result of pesticide exposures causing oxidative stress 30 . Oxidative stress due to pesticide spraying has also been related to changes in CBC such as monocyotsis, leukocytosis, neutrophilia, and lymphocytopenia which were thought to also be closely related to patients in oxidative stress 30, 32 .
Our study has some limitations. We focused on farmworkers who contracted to numerous farms, and therefore many workers were likely exposed to other chemicals that were not quantified in this study. These farmworkers may have been exposed to chemicals that were not captured by this study because they sprayed pesticides on other farms and also sprayed other plants on the same farms. Due to this discrepancy, our farmworkers' baseline cholinesterase measurements may not actually represent a true baseline measurement due to their overlapping work schedules. The US Occupational Safety and Health Administration (OSHA) generally recommends testing for baseline cholinesterase levels after not working with organophosphates for at least 30 days 33 . OSHA also recommends taking a baseline measurement before and after organophosphate use (with at least a 30 day washout period for both) 33 . This pilot study did not take multiple baseline measurements, and the one baseline that was taken was likely taken before the OSHA recommended guideline of 30 days since pesticide use. However, this population does not appear to ever experience thirty days of no pesticide use. Our study also focused on workplace sampling at a time when the specific farm of interest was expected to be spraying chlorpyrifos, and therefore the study results show an over-representation of chlorpyrifos.
Overall, this is the first study of its type that took a mixed-methods approach using survey, biomarker, and workplace observation data to analyze farmworker pesticide health effects in comparison to other workers in Northern Thailand. Our study is also one of the larger studies to use a combination of air sampling and biomarker data. These data can inform the 
What this paper adds
What is already known about this subject?
 Agriculture is classified under the informal sector in Thailand which means many of the workers are not protected under worker safety laws.  No known study has used a mixed-methods approach (self-report, biological markers, and environmental exposures) to assess farmworker pesticide exposure in this population.
What are the new findings?
 Methomyl, ethyl chlorpyrifos, and metalaxyl were detected in varying amounts in air monitor sampling.  Conventional farmworkers also had significantly lower monocyte counts (p=0.01), serum calcium (p=0.01), red blood count (p=0.01), white blood cell count (p=0.04), and butyrylcholinesterase activity (p<0.0001), relative to comparison workers.  After adjusting for BMI, age, and smoking, methomyl air monitor concentrations were associated with a decrease in farmworker acetylcholinesterase activity (beta= -0.327, p =0.016).
How might this impact on policy or clinical practice in the foreseeable future?
 This study provides a new mixed methods approach to assessing worker exposure to chemicals, and therefore can highlight more adverse effects such as mental health, biomarkers, and PPE which were previously not possible in one study design.  Farmworkers on average worked 50.96 hours per week which is above the Royal Thai Government Labor Protection Act of 1998 that limits work weeks to 42 hours.  Farmworkers are exposed to high levels of pesticides without access to the appropriate PPE which could cause new company policies for PPE access or laws by the Royal Thai Government. 
